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Abstract 

We present a way to construct a pilot- wave model for quantum electrodynamics. 
The idea is to introduce beables corresponding only to the bosonic degrees of free- 
dom and not to the fermionic degrees of freedom of the quantum state. We show 
that this is sufficient to reproduce the quantum predictions. The beables will be 
field beables corresponding to the electromagnetic field and they will be intro- 
duced in a similar way to that of Bohm's model for the free electromagnetic field. 
Our approach is analogous to the situation in non-relativistic quantum theory, 
where Bell treated spin not as a beable but only as a property of the wavefunc- 
tion. After presenting this model we also discuss a simple way for introducing 
additional beables that represent the fermionic degrees of freedom. 

1 Introduction 

In his seminal paper in 1952, Bohm presented a pilot- wave interpretation for the free 
electromagnetic field [1]. In this pilot- wave interpretation, the additional variable, also 
called beable, which together with the quantum state makes up the description of a 
system, is a field. Similar pilot-wave models can be constructed for other bosonic fields, 
like for example the scalar field. For reviews of these models see [2-11]. 

For fermionic quantum fields the introduction of field beables does not appear so 
straightforward. There is an attempt by Valentini [4,12], who took anti-commuting 
fields as beables, and an attempt by Holland [8, 13], who took a field of angular variables 
as beables. However, Valentini's model is problematic since it fails to reproduce the 
quantum probabilities [10,11]. In addition, Holland's model might not be viable, since 
it is unclear whether measurement results get recorded in the beables in this model 
(for a detailed analysis, see [11]). Future work might put these models on a more solid 
footing. 

So far, particle beables seem more successful for fermionic quantum field theory. Bell 
presented a model for quantum field theory on a lattice [14], where the beables are the 
fermion numbers at each lattice point. Bell's model differs from the usual pilot-wave 
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program in the fact that it is indeterministic. However, Bell expected that the indeter- 
minism would disappear in the continuum limit. A continuum model put forward by 
Colin [15-17], which was further developed by Colin and Struyve [18], seems to confirm 
Bell's expectation. On the other hand, Diirr et al. have developed a continuum version 
of Bell's model which is stochastic [19-23]. The fact that there are two generalizations 
of Bell's lattice model for the continuum originates in a different reading of Bell's work 
[18,24]. 

In this paper we present an alternative approach to a pilot-wave model for quantum 
field theory. We will argue that it is sufficient to introduce beables corresponding only to 
the bosonic degrees of freedom. No beables need to be introduced corresponding to the 
fermionic degrees of freedom. We illustrate this idea for quantum electrodynamics. The 
beables will be field beables corresponding to the electromagnetic field and they will be 
introduced in a similar way to that of Bohm's model for the free electromagnetic field. 
In this way we obtain a deterministic pilot-wave model. The strategy of not associating 
beables to all the degrees of freedom of the quantum state has been exploited before in 
some pilot-wave models. There is for example Bell's model for non-relativistic spin-1/2 
particles, where no beables are associated with the spin degrees of freedom. 

In order to appreciate our minimalist proposal at this stage, it might be useful to 
keep in mind that already classically, charge distributions leave an imprint on, and can 
be inferred from, the classical radiation field. In the same way, we will argue that the 
beables corresponding to the electromagnetic field (and more precisely the radiation 
field) records and displays outcomes of measurements, and, more generally, contains an 
image of the everyday classical world. 

After presenting this minimalist model, we also present a simple way of amending the 
model with beables for fermionic degrees of freedom. However, we want to emphasize 
that, for the purpose of reproducing the quantum predictions, such extra beables are 
not necessary. 

Our pilot-wave model is not Lorentz covariant at the fundamental level. However, 
since the models reproduce the predictions of standard quantum field theory, Lorentz 
covariance is regained at the statistical level. This is discussed in detail in the context 
of other pilot- wave models, see e.g. [4, 7, 8]. Similar discussions apply to our pilot- wave 
models for quantum electrodynamics. In [24] one can find a good review of attempts to 
construct Lorentz covariant models. See also [25] for an argument that the fundamental 
symmetry of pilot-wave theories is Aristotelean rather than Lorentzian. 

In the next section we start with recalling the pilot-wave theory for non-relativistic 
quantum systems that was originally presented by deBroglie and Bohm [1,26,27]. We 
will thereby reconsider in detail how the pilot-wave theory reproduces the predictions 
of standard quantum theory. When we present our pilot-wave model for quantum field 
theory, we will use similar arguments in order to show that our model reproduces the 
standard quantum predictions. Then, in Section 3, we review Bell's model for non- 
relativistic spin-1/2 particles. This model serves as a simple illustration that it is not 
necessary to associate beables to every degree of freedom for the wavefunction in order 
to reproduce the quantum predictions. In Section 4, we present our model for quantum 
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electrodynamics and show how it reproduces the standard quantum predictions. Finally, 
in Section 5, we present a simple way of introducing additional beables for the fermionic 
degrees of freedom. 

2 Pilot-wave theory of deBroglie and Bohm 

In the pilot-wave theory for non-relativistic quantum systems of de Broglie and Bohm 
[1, 26, 27], the complete description of a quantum system is provided by its wavefunction 
ip, which satisfies the non-relativistic Schrodinger equation, and by particles which have 
definite positions X&, with k = 1, . . . , N, at all times. The possible trajectories for the 
particles are solutions to the guidance equations 



where ip = \ip\ exp(iS/h). 

If we consider an ensemble of systems that are all described by the same wavefunc- 
tion, then the positions of the particles will have a certain distribution. In the special 
case in which this distribution equals \ip\ 2 , the distribution is called the equilibrium 
distribution [28,29]. We have the special property that, if the distribution equals the 
equilibrium distribution, i.e. \if}(xi, ■ ■ ■ , xtv, to)\ 2 , a ^ one time t , then the distribution 
will equal the equilibrium distribution, i.e. |VK x i5 • • • ^N,t)\ 2 , at all times t. This prop- 
erty of the distribution is also called equivariance [29] and follows from the fact that the 
density \ip\ 2 satisfies the continuity equation 



which is itself a consequence of the Schrodinger equation. 1 

Having the equilibrium distribution for ensembles is a key ingredient in showing 
that the pilot-wave theory reproduces the predictions of standard quantum theory. As 
we will explain below, it will guarantee that we will recover the Born rule. Possible 
justifications for the equilibrium distribution are studied in [4, 5, 7, 28-30]. 

Another key ingredient of the pilot-wave theory is that wavefunctions representing 
macroscopic systems that occupy different regions in physical 3-space have negligible 
overlap. This will guarantee that measurement results get recorded and displayed in 
the position configurations. It will also give rise to an effective collapse in measurement 
situations. 

Actually an easy way to rederive the pilot-wave theory consists in considering the continuity equa- 
tion for the probability density |t/>| 2 and by postulating a velocity field for the beables that is given by 
the ratio of the probability current and the probability density. This is the technique we will apply 
when constructing our pilot-wave model for quantum electrodynamics. Note that neither deBroglie or 
Bohm derived the pilot-wave theory in this way. On the other hand, this derivation was often applied 
by Bell. 
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The analysis of how the pilot-wave interpretation for non-relativistic quantum sys- 
tems reproduces the quantum predictions was first given in [1] and has been repeated 
many times afterwards, see e.g. [14,31,32] (for an extensive analysis see [33]). Since 
standard quantum theory is primarily about statistical predictions about the outcomes 
of measurements, we can just consider a measurement situation and compare the stan- 
dard quantum predictions with those of pilot-wave theory. 

In standard quantum theory a measurement situation can be described as follows. 
The wavefunction ip, describing the system under observation, together with the mea- 
surement device, macroscopic pointer and environment, evolves into a superposition 

Ciipi, where the different normalized ^ correspond to the different possible outcomes 
of the measurement, i.e. the different represent the different possible macroscopic 
pointer configurations which indicate the different possible measurement outcomes, like 
for example a needle pointing in different directions. The wavefunction then collapses to 
one of the ipi, say and this with probability |cfc| 2 . The state i/j^ represents one of the 
possible macroscopic pointer configurations and hence also the corresponding outcome 
of the measurement. 

In the pilot-wave theory the measurement situation is described as follows. As in 
standard quantum theory the wavefunction evolves into a superposition £\ c^, but this 
time there is no subsequent collapse. The measurement result does not get recorded in 
the wavefunction, but in the beable configuration. This can be seen as follows. Since 
the ipi correspond to different macroscopic situations, like for example a needle pointing 
in different directions, they will have negligible overlap. This means that the actual 
beable configuration (x 1; . . . , x n ) will be in the support of only one of the wavefunctions 
ipi, say ipk- The configurations in the different supports represent the different possible 
macroscopic situations. In this way the beable configuration displays the measurement 
outcome. Since in equilibrium, the probability for the beable configuration (xi, . . . ,x n ) 
to be in the support of ipk is given by |cfc| 2 , we also recover the quantum probabilities. 

Further, if the different wavefunctions ipi stay approximately non-overlapping at 
later times, which is usually guaranteed by decoherence effects, then as one can easily 
verify from the guidance equations, only one of the wavefunctions, namely ipk, will play 
a significant role in determining the velocity field of the actual beable configuration 
(xi, . . . ,x n ), from time t onwards. Since the other wavefunctions ipi, i ^ k play only 
a negligible role, they can be ignored in the future description of the behaviour of the 
beable configuration. This is called an effective collapse. The effective collapse explains 
the success of the ordinary collapse in standard quantum theory. Unlike the collapse in 
standard quantum theory the effective collapse is not one of the axioms of the theory, 
but a consequence of the theory. 

Note that the property that macroscopically distinct states are non-overlapping in 
configuration space is a special property of the position representation. The same states 
might not be non-overlapping in another representation. This is very important for the 
choice of beable since it is unclear how a pilot-wave model, in which macroscopically 
distinct states are overlapping in the corresponding configuration space reproduces the 
quantum predictions (see also [34]). For example, in Holland's model for fermionic fields 
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[8, 13] it is unclear whether macroscopically distinct states are non-overlapping in the 
configuration space of these angular variables and this might undermine the pilot- wave 
model [11]. 



3 Bell's model for non-relativistic spin- 1/2 particles 

In [35,36], Bell proposed a pilot-wave model for non-relativistic spin-1/2 particles by 
introducing beables only for the position degrees of freedom of the wavefunction and 
not for the spin degrees of freedom. Let us see how this works. Consider for simplicity 
just a single particle. 

The wavefunction ?/> a (x, t) for a non-relativistic spin-1/2 particle satisfies the Pauli 
equation 

= ~ 2^ ( V " ¥c A ) ^ + E ^ ab ' B ^ + V ^ a ' (3) 

^ ' b 

with A the electromagnetic vector potential, B = V x A the corresponding magnetic 
field and V an additional scalar potential. \x is the magnetic moment. 

In Bell's model the only beable is a position x. The guidance equation is obtained 
by considering the continuity equation for the position density 

/(x,f)=5> a (x,f)| a , (4) 

a 

dp 11 



which reads 



dt 



V-j* = 0, (5) 



with 



= E ( V~ ~ ^ V ^) - ±A ^») • ( 6 ) 

z — ' \2mt vac J 



The guidance equation is then given by 

This guidance equation ensures that the equilibrium density p^(x, t) is preserved under 
the dynamics, so it is equivariant. 

This model is easily generalized to many particles. No beables are introduced for the 
spin degrees of freedom of the wavefunction. However, since results of measurements are 
generally recorded in "positions of things" , like positions of macroscopic needle pointers, 
the same analysis as in the pilot- wave model of de Broglie and Bohm for non-relativistic 
systems can be applied in order to show that the model reproduces the predictions of 
standard quantum theory. 

In Bell's model the only beables are particle positions. While there is no need to 
introduce additional beables for spin, nor for any other observables, there exist models 
which have such beables, like for example the models of Bohm et al. [37, 38] and Holland 
[8,13,39]. (See also [40] for further comments.) 
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4 Pilot-wave model for QED 



In this section we present our pilot-wave model for quantum electrodynamics (QED). 
We start with recalling some features of the standard formulation of QED. The pilot- 
wave model in presented in Section 4.2. In Section 4.3, we will then explain how our 
pilot- wave model reproduces the quantum predictions. 2 



4.1 Standard formulation of QED 
4.1.1 Field operators 

We start with the formulation of QED in the Coulomb gauge, which can be found in 

e.g. [41, pp. 346-350]. This formulation is in terms of the operators A T an d n . 

The operators ip and ip^ are the Dirac field operators and the operators A T and IT are 
respectively the transverse electromagnetic field operator and the transverse momentum 

field operator, i.e. we have V • A J = V IT =0. 

The anti-commutation relations of the fermionic field operators are given by 

{f»(x),S(y)} = W(x-y), (8) 

where the other anti-commutation relations are zero. The commutation relations of the 
bosonic field operators read 

[%{x), nj(y)] = i (5y - ^fj 5(x - y) , (9) 

where the other commutation relations are zero. The fermionic and bosonic operators 
mutually commute. 

The Hamiltonian reads 

H = H B + H F + Hj + V c , (10) 

where 

H B = - J d 3 x (if ■ n T - A r ■ V 2 A T ) (11) 

is the free Hamiltonian for the electromagnetic field, Hp is the free Hamiltonian for the 
Dirac field 

Hp — f d 3 xft {-ice ■ V) $ , (12) 



Hi is the interaction Hamiltonian 

H I = - [ rf 3 xA T -J, (13) 



2 In this section we use units in which h = c = 1 . 
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and Vc is the Coulomb energy 

V = U**yp&M. (14, 
2 J 47r|x-y| 

The operator is the Dirac charge current density operator 

f = efty ^ = e ft of) . (15) 



For future purposes we also introduce the magnetic field operator B = V x A and 

the transverse part of the electric field operator E = —II . The longitudinal part of 
the electric field operator is related to the charge density operator by the Gauss law 
V ■ E L = j°. 



4.1.2 Representation for the field operators 

We take the Hilbert space to be the product of a bosonic Hilbert space and a fermionic 
Hilbert space. The electromagnetic field operators and the Dirac field operators respec- 
tively act on the bosonic and fermionic Hilbert space. In order to find a representation 
for the product Hilbert space we first consider separately a representation for the bosonic 
and for the fermionic Hilbert space. 

A representation for the electromagnetic field operators can be found by considering 
the Fourier expansion 

A T (x) = £ j Ae ik 'V(k)$ (k) , (16) 

n T (x) = -^j- 2 £ J ^e-* k -V(k)7?,(k) . (17) 

Here % and 7?/ are operators in momentum space which satisfy the commutation relations 

=z^(k-k'), [ft(k),g,,(k')] = [7r,(k),7r,/(k')] = 0. (18) 

The vectors e (k), I — 1, 2 are two real, orthogonal polarization vectors, which we choose 
to obey the following relations 

k- e '(k) = 0, E^ k )4(k)=^-^ s l (k) = e l (-k). (19) 
i=i 

From the last relation and the fact that A and II are Hermitian, we have that 
5i(k) = qj(— k) and 7?j(k) = ifj (— k). One can easily show that the commutation relations 
for the field operators <#(k) and vr;(k) give the commutation relations (9) for A T (x) and 

n (x). 
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At this point we can introduce the eigenstates 1 91,92) of the operators q\, 1 — 1,2, 
where 9z(k) = q\{— k) and qi(k)\qi,q 2 ) = g/(k) |gi, g 2 ) • We further assume the functions 
9;(k) to be smooth. With the states (91,92) as a basis of the bosonic Hilbert space, 
we obtain the functional Schrodinger representation for the bosonic field operators, cf. 
equation (20) below. 3 

For the fermionic field operators we will not choose an explicit representation because 
we will integrate out the fermionic degrees of freedom. We just assume that the fermionic 
Hilbert space is spanned by some orthogonal states |/), labelled by an index / which 
can be discrete or continuous. 

In the product basis I91, 92) <S> \ f) = \qi, 92, /) of the product Hilbert space, the field 
operators have matrix components 

(9i,92,/|^(x)|9i,9 2 ,/') =S(q l -q[)5(q 2 -q' 2 )(fm^\f}, 
(9i,92,/|^(x)|9i,92,r) =5(q 1 -q' 1 )S(q 2 -q' 2 )(f\^^)\f), 
(9i, 92, /|9«(k) 191,92,/') = <?«( k )5(9i ~ <?i)%2 - <&) s ff , 
(qi,q2j\9i{k)\q' 1 ,q 2 ,f) = -i^—6(q 1 -g , 1 )S(q 2 -q' 2 )S ff . (20) 

The components of the Hamiltonian will be written as 

(9i, 92, f\H\q[, 9 2 , /') = Hff'(q, -i$/5q)5(q 1 - q[)5(q 2 - q 2 ) . (21) 
For example, the bosonic part of the Hamiltonian hereby reads 

(S B ) ir h , -a/*,) = ,„\ J f k (-^J^S) + • < 22 > 

A state |^(t)) has the expansion coefficients ^ f{q\,q 2 ,t) = (91, 92, f\*£(t)). So the 
expansion coefficients are wavefunctionals on the configuration space of fields, just as 
in the case of the free electromagnetic field [1], with the difference that in this case the 
wavefunctionals carry an extra label / which represents the fermionic degrees of freedom. 
Note the analogy with spin, where the wavefunction lives on ordinary configuration space 
and carries a spin-index. 

Using the notation introduced in equation (21) we find that ^/(9i, 92, t) satisfies the 
functional Schrodinger equation 

= E Xff'^ -iWVrfa, 92, t) . (23) 

Actually this Schrodinger equation is mathematically not well defined. As is common 
in quantum field theory it needs regularization. In work by Symanzik and Luscher it is 
shown that, in the case of a self- interacting scalar field, the functional Schrodinger pic- 
ture can be made mathematically well-defined by introducing an extra renormalization 



3 For a detailed treatment of quantum field theory in the functional Schrodinger picture, see Hatfield 
[42]. 
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constant [43,44]. This result can probably be generalized to the functional Schrodinger 
equation considered here. However, a simpler regularization consists in replacing contin- 
uous space by a bounded lattice or by assuming a bounded lattice in momentum space 
(the latter just means that a bounded space is assumed, so that the momentum integrals 
in the Fourier expansion are replaced by sums over momenta, and that an ultra-violet 
cut-off is assumed). 



4.2 Pilot-wave model 

We can now construct a pilot-wave model with beables only for the electromagnetic 
field. More precisely, we introduce beables ?i(k) and ^(k) for which the equilibrium 
density is given by 

P*(gi,g 2 ,t) = ^|%(gi,g 2 ,t)| 2 . (24) 
/ 

We formally regard as a density with respect to the measure T>q{Dq 2 , where T>qi = 
[\ k dqi(k). However, since there exists no generalization of the Lebesgue measure to 
an infinite dimensional space, T>qiDq 2 is strictly speaking not defined as a measure. 
Although this issue needs further attention in the future, we will not address it here. 
We just want to mention that the problem disappears when we assume a regularization 
which makes the number of degrees of freedom finite. 

Just as was done in Bell's model for non-relativistic spin-1/2 particles we consider 
the continuity equation for p* in order to find a guidance equation for the field beables 
gi(k) and (72 (k). Using the Schrodinger equation (23) we find 

VO?!, q 2 , t) = J2 (^/(^ <?2, 92, t) + *}{ qi , q 2 , t)d t V f (q u q 2 , t)) 

/ 

= Y,4 (H ff ,(q,-i5/5q)y r (q 1 ,q 2 ,t)y V f (qi,q 2 ,t) 

/,/' v 

-^* f ( qi , q 2,t)H ff ,( q ,-i5/5 q )^ f ( qi , q2 ,t)j . (25) 

In this expression only the kinetic part of the free Hamiltonian for the electromagnetic 
field survives. This kinetic term has components 

(af) tf ( 4 , -am = s„\ Jto-Sffisj® ■ < 26 > 
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In this way we find the continuity equation 



2 



!=1 

where 



-*? (ft '*'* ) WO^0O* ,(ai,<b ' t) 

2 

-E/^^ J *( k ;^)> 



(27) 



Jf (k; ft) ft, = £ fe, ^)1 2 ^7^ > ' = 1. 2 , (28) 

where we have used = f\ exp(iSf). 

We can now postulate the following guidance equation for the field beables 

dqi(k,t) = Jg(k; qi,q 2 ,t) = 

The fields (ft, 52) live in momentum space. The ontology in physical 3-space is of 
course given by a transverse field A T which is defined in terms of the fields (ft, ft) 
through the relation (16). The field A T further gives rise to a field B in physical space, 
which is given by 



B(x) = V x A T (x) 



(2tt) 3 / 2 



I d 3 fce*' x k x e l (k)g,(k) . (30) 
i=i J 



The field B can be regarded as the beable corresponding to the magnetic field. (Just 
as the particle position is the position that is revealed in a quantum measurement 
of position in non-relativistic pilot-wave theory, the field beable B is the field that is 
revealed (locally) in a quantum measurement of the magnetic field.) 

For a solution (ft(t), ft(^)) to the guidance equation, we can also introduce a field 
E T , which is given by 



1 2 r 

E T (x,t) = -d t A T (x,t) = -7^72- E J d 3 k^s l (k)dM^t) 



(31) 



and which resembles the transverse part of the electric field when expressed in terms 
of the potential in the Coulomb gauge. Unlike to the field beable B, we need the time 
evolution of the beables (ft, ft) to construct the field E T . Alternatively one could have 
developed a pilot-wave model in which the basic beable corresponds to the transverse 
part of the electric field. 

Note that we introduced beables only for the transverse degrees of freedom of the 
vector potential. In particular, we did not introduce beables for the longitudinal degrees 
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of freedom, nor for the scalar degrees of freedom of the electromagnetic field. This implies 
that we do not have beables corresponding with the charge density of the fermionic field. 
If one could introduce beables for the longitudinal degrees of freedom or scalar degree 
of freedom of the electromagnetic field, then they could be related to the charge density 
through the constraints j° = -V 2 A° and f = V ■ E = V ■ E L [41, pp. 346-350]. 
However, in Section 5 we will present an other way to introduce a beable corresponding 
to the charge density. 

The pilot- wave model is presented here in the context of QED. But we see no problem 
in principle to construct a similar model, i.e. a model with beables corresponding solely 
to the electromagnetic field A^, in the context of the standard model. However since in 
the standard model the electromagnetic field is unified with the weak interaction fields 
W£,W~ , it might be more natural to introduce beables also for these fields. In 
addition one could also introduce beables for the other bosonic fields, namely the strong 
interaction and Higgs fields. 

4.3 How the pilot-wave model reproduces the quantum pre- 
dictions 

In the case of the pilot-wave theory of de Broglie and Bohm for non-relativistic quan- 
tum systems (which we will subsequently refer to as non-relativistic pilot-wave theory), 
we saw that having the equilibrium distribution for the beables, together with the fact 
that wavefunctions representing macroscopically distinct systems have negligible over- 
lap, were the two key properties that allowed us to show that the quantum predictions 
are reproduced by the pilot-wave theory. 

In our pilot- wave model for QED similar key properties are present. First of all we 
assume that the field beables are distributed according to the equilibrium distribution 

at a certain time, so that by equivariance the beables are distributed according to 
the equilibrium distribution at all times. Secondly, we have that wavefunctionals repre- 
senting macroscopically distinct states of the electromagnetic field are non-overlapping 
in the configuration space of fields (whereby it is understood that two wavefunctionals 
tyf(qi,q2,t) and tyf(q\,q 2 ,t) have no overlap when their components have no mutual 

overlap, i.e. (q±, q 2: t)^*, (qi, q2, t) = for all (gi,^), / and /')• This is simply 
because two wavefunctionals that correspond to different classical electric and magnetic 
fields will yield approximately disjoint magnetic field distributions and hence approx- 
imately disjoint distributions of the fields A T and (gi,^), so that the corresponding 
wavefunctionals have negligible overlap. 

Note that in order for the wavefunctionals to be non-overlapping, they need not be 
centered around magnetic field configurations that are localized in different regions of 
physical space. It is for example sufficient that they are centered around magnetic fields 
which differ only in a certain region in physical space. 4 

4 In [45], Saunders expressed a worry for using fields as beables. However, he made the unwarranted 
assumption that localized macroscopic bodies should be represented by localized field beables in order 
have a pilot-wave model that produces the familiar image of a classical world. As our model illustrates, 
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Let us now consider a measurement situation in order to see how these key properties 
enable us to show that we reproduce the standard quantum predictions, even though 
there are no beables corresponding to the fermionic degrees of freedom. Suppose for 
definiteness that we perform a measurement on some quantum system, such that, on 
the level of the quantum state, the outcome of the measurement becomes correlated with 
the orientation of some macroscopic needle. In non- relativist ic pilot-wave theory there 
are particle positions representing the needle, so that the orientation of the needle, and 
hence the outcome of the measurement, will be recorded and displayed in the particles 
positions. On the other hand, in our model for QED, there are no beables corresponding 
to the fermionic degrees of freedom. However, on the level of the quantum state, the 
direction of the macroscopic needle will get correlated with the radiation that is scattered 
off (or thermally emitted from, etc.) the needle. Because these states of radiation will 
be macroscopically distinct, they will be non-overlapping in the configuration space of 
fields and hence the outcome of the experiment will be recorded and displayed in the 
field beable corresponding to the radiation. 

The way the beable displays the outcome of the measurement is very natural: the 
beable will carry an image of a macroscopic needle, in a similar way as in classical 
mechanics, where a classical electromagnetic field that scatters off a needle will carry 
an image of that needle. 5 For example, by performing a Fourier decomposition of the 
field in a particular spatial region and finding the spectrum of the radiation in a certain 
direction, one can form an image of the surroundings of the that region, and in particular 
of the orientation of the measurement needle. 

It is clear that we have a similar situation in other measurement-like situations 
(results of measurements need not be conveyed to us by means of instrument needles, it 
could also be by means of a scintillation or computer screen): the results of measurement 
outcomes will become correlated with macroscopically distinct classical states of the 
electromagnetic field, so that we have a branching of the wavefunctional and a record 
of the measurement outcome in the field beable. 

In summary, non-relativistic pilot-wave theory reproduces the quantum predictions, 
since outcomes of measurements are recorded in the position beables associated to 
macroscopic objects. On the other hand, our model for QED reproduces the quan- 
tum predictions since outcomes of measurements are recorded in the electromagnetic 
field beable. In particular, the image of macroscopic objects (and, more generally, of 
the familiar macroscopic world) can be inferred from the electromagnetic field beable. 

5 Beables for fermions? 

We have presented a pilot- wave model for QED. This model is minimalist since beables 
were introduced only for bosonic degrees of freedom of the quantum state and not for 
fermionic ones. However, one could also construct models which also include beables for 

there is no need for that. 

5 One difference with classical mechanics is of course that in our pilot-wave model the basic beable 
corresponds only to the magnetic field and not to the electric field. 
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the fermionic degrees of freedom. One possible way to do this is by introducing particle 
beables as in the work of Colin or Diirr et al. 

Still, a more simple way to introduce beables for fermionic degrees of freedom is 
as follows. Suppose #(x) is an operator, like e.g. the energy density of charge density 
operator. Then one can introduce a field beable £>(x, t), given by 6 



where £//'(x) = (f\g(-x)\f') and where the expression on the right hand side is evaluated 
at the actual beable configuration (qi(t) , q2(t)) . 

It is interesting to compare such a model with an extra beable g(x) (or extra be- 
ables), to the minimalist model (which is in terms of the beables (qi(t), q2(t)) or A T ). 
Suppose for example we add a "charge density" beable £> c (x) to the model and let us, 
for definiteness, compare the models in the description of the double slit experiment for 
an electron. In the minimalist model there is no beable that represents the electron. 
It is only when the position measurement is performed (at the final screen), that the 
field beables (qi, q^) or A T will record and display the measurement result (in the way 
explained in the previous section). On the other hand, in the model with the additional 
beable, the field £> c (x) represents the electron. This field will branch when the electron 
passes through the slits and will display interference effects afterwards. Only when an 
actual position measurement is performed, upon which the wavefunction of the electron 
will get entangled with the wavefunction of the measurement device and environment, 
will this field f? c (x) become localized. 

Thus there is no problem to add beables for the fermionic degrees of freedom. How- 
ever, for the purpose of reproducing the quantum predictions, there is no need to do 
this, since the electromagnetic field beables already provide an image of the familiar 
classical world. This illustrates that there is nothing unique in the choice of beables, 
something which already was noted before in e.g. [14,46,47]. In quantum equilibrium 
all these choices will be empirically indistinguishable, although this is not necessarily so 
in the case of quantum non-equilibrium. 

6 Conclusion 

In this paper we presented a deterministic pilot-wave model that reproduces the predic- 
tions of quantum electrodynamics. The model has the special feature that it contains 
no beables for fermionic degrees of freedom. At first sight it would seem absolutely nec- 
essary to include fermionic beables in order to give an account for the everyday classical 
world. However, we demonstrated that this is not the beable corresponding to 

the radiation field is sufficient to give such an account. 

6 This expression corresponds to Holland's local expectation value for the operator £>(x), evaluated 
at the beable configuration [8]. 





(32) 



P 



(?l,?2,t) 



(9l,92)=(9l(*),92(t)) 
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We also discussed how this minimalist model could be amended, in a rather simple 
way, with beables for fermionic degrees of freedom. 

These pilot-wave models, together with previous models (which were mentioned in 
the introduction), not only show that it possible to construct pilot- wave models for 
quantum field theory, they also illustrate that this can be done in a number of different 
ways. 

7 Acknowledgements 

We want to thank Sheldon Goldstein, Owen Maroney, Sebastiano Sonego, Rafael Sorkin 
and Antony Valentini for discussions. We are also grateful to the anonymous referees for 
valuable suggestions. WS is further grateful to Stijn De Weirdt for initial encouragement. 
Research at Perimeter Institute is supported in part by the Government of Canada 
through NSERC and by the Province of Ontario through MRI. 

References 

[1] D. Bohm, Phys. Rev. 85, 180 (1952). 

[2] P.N. Kaloyerou, "Investigation of the Quantum Potential in the Relativistic Do- 
main", PhD. Thesis, Birkbeck College, London (1985). 

[3] P.N. Kaloyerou, Phys. Rep. 244, 288 (1994). 

[4] A. Valentini, "On the Pilot- Wave Theory of Classical, Quantum and Subquantum 
Physics", PhD. Thesis, International School for Advanced Studies, Trieste (1992), 
online http : //www. sissa. it/ap/PhD/Theses/valentini . pdf . 

[5] A. Valentini, "Pilot- Wave theory of Physics and Cosmology" , in preparation. 

[6] D. Bohm, B.J. Hiley and P.N. Kaloyerou, Phys. Rep. 144, 349 (1987). 

[7] D. Bohm and B.J. Hiley, "The Undivided Universe", Routledge, New York (1993). 

[8] P.R. Holland, "The Quantum Theory of Motion", Cambridge University Press, 
Cambridge (1993). 

[9] P.R. Holland, Phys. Rep. 224, 95 (1993). 

[10] W. Struyve, "The de Broglie-Bohm pilot-wave interpretation of quantum theory" , 
PhD. Thesis, Ghent University, Ghent (2004) and quant-ph/0506243. 

[11] W. Struyve, 0707.3685 [quant-ph]. 

[12] A. Valentini, in "Bohmian Mechanics and Quantum Theory: An Appraisal", eds. 
J.T. Gushing, A. Fine and S. Goldstein, Kluwer, Dordrecht, 45 (1996). 



14 



[13] P.R. Holland, Phys. Lett. A 128, 9 (1988). 

[14] J.S. Bell, CERN preprint CERN-TH. 4035/84 (1984), reprinted in J.S. Bell, "Speak- 
able and unspeakable in quantum mechanics", Cambridge University Press, Cam- 
bridge, 173 (1987); Phys. Rep. 137, 49 (1986); in "Quantum Implications", eds. 
B.J. Hiley and F. David Peat, Routledge, London, p. 227 (1987); in "John S. Bell 
on The Foundations of Quantum Mechanics", eds. M. Bell, K. Gottfried and M. 
Veltman, World Scientific, Singapore, 159 (2001). 

[15] S. Colin, quant-ph/0301119. 

[16] S. Colin, Phys. Lett. A 317, 349 (2003) and quant-ph/0310055. 

[17] S. Colin, Ann. Fond. Louis de Broglie 29, 273 (2004) and quant-ph/0310056. 

[18] S. Colin and W. Struyve, J. Phys. A 40, 7309 (2007) and quant-ph/0701085. 

[19] D. Diirr, S. Goldstein, R. Tumulka and N. Zanghi, J. Phys. A 36, 4143 (2003) and 
quant-ph/0208072. 

[20] D. Diirr, S. Goldstein, R. Tumulka and N. Zanghi, Phys. Rev. Lett. 93, 090402 

(2004) and quant-ph/0303156. 

[21] D. Diirr, S. Goldstein, R. Tumulka and N. Zanghi, Commun. Math. Phys. 254, 129 

(2005) and quant-ph/0303056. 

[22] R. Tumulka and H.-O. Georgii, "Interacting Stochastic Systems, eds. J.-D. Deuschel 
and A. Greven, Springer- Verlag, Berlin, 55 (2005) and math. PR/0312326. 

[23] D. Diirr, S. Goldstein, R. Tumulka and N. Zanghi, J. Phys. A 38, Rl (2005) and 
quant-ph/0407116. 

[24] R. Tumulka, J. Phys. A 40, 3245 (2007) and quant-ph/0607124. 

[25] A. Valentini, Phys. Lett. A 228, 215 (1997). 

[26] L. de Broglie, in "Electrons et Photons: Rapports et Discussions du Cinquieme 
Conseil de Physique", ed. J. Bordet, Gauthier-Villars, Paris, 105 (1928), English 
translation: G. Bacciagaluppi and A. Valentini, "Quantum Theory at the Cross- 
roads: Reconsidering the 1927 Solvay Conference", Cambridge University Press, 
forthcoming and quant-ph/0609184. 

[27] D. Bohm, Phys. Rev. 85, 166 (1952). 

[28] A. Valentini, Phys. Lett. A 156, 5 (1991). 

[29] D. Diirr, S. Goldstein and N. Zanghi, J. Stat. Phys. 67, 843 (1992) and quant- 
ph/0308039. 



15 



[30] A. Valentini and H. Westman, Proc. R. Soc. A 461, 253 (2005) and quant- 
ph/0403034. 

[31] D. Bohm and B.J. Hiley, Phys. Rep. 144, 323 (1987). 

[32] W. Struyve and H. Westman, in "Quantum Mechanics: Are there Quantum Jumps? 
and On the Present Status of Quantum Mechanics", eds. A. Bassi, D. Diirr, T. 
Weber and N. Zanghi, AIP Conference Proceedings 844, 321 (2006) and quant- 
ph/0602229. 

[33] D. Diirr, S. Goldstein, R. Tumulka and N. Zanghi, J. Stat. Phys. 116, 959 (2004) 
and quant-ph/0308038. 

[34] G. Bacciagaluppi, in "The Stanford Encyclopedia of Philosophy" , substantive revi- 
sion 2004, ed. E.N. Zalta (2004), published online by Stanford University, Stanford, 
http : / /plato . Stanford . edu/ entries/ qm-decoherence/. 

[35] J.S. Bell, Rev. Mod. Phys. 38, 447 (1966), reprinted in J.S. Bell, "Speakable and 
unspeakable in quantum mechanics", Cambridge University Press, Cambridge, 1 
(1987) and in "John S. Bell on The Foundations of Quantum Mechanics", eds. M. 
Bell, K. Gottfried and M. Veltman, World Scientific, Singapore, 1 (2001). 

[36] J.S. Bell, in "Foundations of Quantum Mechanics. Proceedings of the International 
School of Physics 'Enrico Fermi'", course IL, Academic, New York, 171 (1971), 
reprinted in J.S. Bell, "Speakable and unspeakable in quantum mechanics", Cam- 
bridge University Press, Cambridge, 29 (1987) and in "John S. Bell on The Foun- 
dations of Quantum Mechanics", eds. M. Bell, K. Gottfried and M. Veltman, World 
Scientific, Singapore, 22 (2001). 

[37] D. Bohm, R. Schiller and J. Tiomno, Suppl. Nuovo Cimento 1, 48 (1955). 

[38] D. Bohm and R. Schiller, Suppl. Nuovo Cimento 1, 67 (1955). 

[39] PR. Holland, Phys. Rep. 169, 293 (1988). 

[40] R. Tumulka, Brit. J. Phil. Sci. 58, 355 (2007) and quant-ph/0605130. 

[41] S. Weinberg, "The Quantum Theory of Fields", Cambridge University Press, New 
York (1995). 

[42] B. Hatfield, "Quantum Field Theory of Point Particles and Strings" , Perseus Books, 
Cambridge MA (1991). 

[43] K. Symanzik, Nucl. Phys. B 190 [FS3], 1 (1981). 

[44] M. Ltischer, Nucl. Phys. B 254, 52 (1985). 

[45] S. Saunders, in "From Physics to Philosophy", eds. J. Butterfield and C. Pagonis, 
Cambridge University Press, Cambridge, 71 (1999). 



16 



[46] S. Goldstein, J. Taylor, R. Tumulka and N. Zanghi, Stud. Hist. Phil. Mod. Phys. 
36, 103 (2005) and quant-ph/0404134. 

[47] V. Allori, S. Goldstein, R. Tumulka and N. Zanghi, Brit. J. Phil. Sci., to appear 
(2007) and quant-ph/0603027. 



17 



